Bulk heterojunction (BHJ) based on a donor (D) polymer and an acceptor (A) fullerene derivative is a promising organic photovoltaics (OPV). In order to improve the incident photon-to-current efficiency (IPCE) of the BHJ solar cell, a comprehensive understanding of the ultrafast dynamics of excited species, such as singlet exciton (D * ), interfacial charge-transfer (CT) state, and carrier (D + ), is indispensable. Here, we performed femtosecond time-resolved spectroscopy of two prototypical BHJ blend films: poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl C 61 -butyric acid methyl ester (PCBM) blend film and poly(9,9 -dioctylfluorene-cobithiophene) (F8T2)/[6,6]-phenyl C 71 -butyric acid methyl ester (PC 70 BM) blend film. We decomposed differential absorption spectra into fast, slow, and constant components via two-exponential fitting at respective probe photon energies. The decomposition procedure clearly distinguished photoinduced absorptions (PIAs) due to D * , CT, and D + . Based on these assignments, we will compare the charge dynamics between the F8T2/PC 70 BM and P3HT/PCBM blend films.
Introduction
Organic photovoltaics (OPV) is an environmentally friendly and low-cost technology, which converts the solar energy into electric one. The incident photon-to-current efficiency (IPCE) of the bulk heterojunction (BHJ) solar cell [1, 2] is governed by the three processes: (1) charge formation process at the donor (D)-acceptor (A) interface, (2) charge transport process within the organic semiconductor, and (3) charge collecting process on the Al and indium tin oxide (ITO) electrodes. The femtosecond time-resolved spectroscopy is one of the powerful tool to reveal the (1) charge formation dynamics, because we can trace the ultrafast dynamics of excited species, such as singlet exciton (D * ), interfacial charge-transfer (CT) state, and carrier (D + ) [3] [4] [5] . The photoirradiation of the D polymer (A molecule) excites an electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). We call such a photoexcited D (A) state as excitons D * (A * ). The D * (A * ) state migrates within the D domain (or A domain) to reach the D-A interface. At the interface, the charge transfer between D and A produces an intermediate state (CT state). The CT state consists of electrostatically bound charge pairs, where the hole is primarily localized on the D HOMO and the electron on the A LUMO. Finally, the charge separation takes place to produce free carriers D + (A − ). Historically, extensive spectroscopic investigations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have been carried out on the charge dynamics in poly(3-hexylthiophene) (P3HT)/ [6, 6 ]-phenyl C 61 -butyric acid methyl ester (PCBM) blend film, due to its reproducible power conservation efficiency (PCE > 5% [13, 14] ). In particular, the regioregularity of P3HT, as well as the annealing process, has a significant effect on the charge dynamics of the P3HT/PCBM blend film [4, 7, 8] . Among them, Hwang et al. [4] investigated the charge dynamics in a regioregular-P3HT (RR-P3HT)/PCBM blend film and proposed a twostep process for charge generation, that is, formation of 2 Advances in Optical Technologies the interfacial CT states (<250 fs) followed by the charge separation (=4 ps). We emphasize that their interpretation is based on the assignment of the photoinduced absorption (PIA) signals. They assigned the PIA at 1.7 eV to the donor polaron [15, 16] , while they did that at 1.1-1.6 eV to the CT state. Unfortunately, the assignment of the PIAs of the RR-P3HT/PCBM blend film is still controversial. Another candidate of OPV is poly(9,9 -dioctylfluorene-cobithiophene) (F8T2)/ [6, 6 ]-phenyl C 71 -butyric acid methyl ester (PC 70 BM), because the fluorene-based copolymers, for example, F8T2, are more stable than the thiophene-based polymers, for example, P3HT. The solar cell using the blend film shows a PCE of 2.2-2.3% [17, 18] .
In this study, we investigated the charge dynamics of two prototypical blend films, that is, RR-P3HT/PCBM and F8T2/PC 70 BM blend films. In order to assign the PIA signals, we decomposed differential absorption spectra into fast, slow, and constant components via two-exponential fittings at respective probe photon energies. The decomposition procedure clearly distinguished photoinduced absorptions (PIAs) due to D * , CT, and D + . We observed exciton conversion into the CT state (D * → CT) in both the blend films. The conversion speed (=0.7 ps) in the F8T2/PC 70 BM blend film is nearly the same as that (=1.2 ps) in the P3HT/PCBM blend film.
Experiment

Film Preparation for Optical Measurements.
All materials (see Figure 1) were purchased from commercially available sources and used as received. F8T2 was purchased from American Dye Source. The weight average molecular weight (M w ), number average molecular weight (M n ), and polydispersity (M w /M n ) were estimated to be 45000, 13000, and 3.4, respectively. RR-P3HT was purchased from Luminescence Technology Corp. The weight average molecular weight (M w ), number average molecular weight (M n ), and polydispersity (M w /M n ) were estimated to be 44000, 22000, and 2.0, respectively. The fullerene derivatives, that is, PCBM and PC 70 BM, were purchased from Solenne.
P3HT and P3HT/PCBM blend films were spin-coated on quartz substrates and annealed for 10 min at 110
• C. Solutions of P3HT and that of blend with 50% PCBM by weight was prepared by dissolving the compounds in o-dichlorobenzene (20 mg polymer in 1 mL solution). The thickness of the P3HT and P3HT/PCBM blend films was 129 and 234 nm, respectively. F8T2 and F8T2/PC 70 BM blend films were spincoated on quartz substrates and annealed for 10 min at 80
• C. Solutions of F8T2 and that of blend with 66% PC 70 BM by weight were prepared by dissolving the compounds in o-dichlorobenzene (16 mg polymer in 1 mL solution). The thickness of the F8T2 and F8T2/PC 70 BM blend films was 87 and 89 nm, respectively. All the film preparation and posttreatment were performed in an inert N 2 atmosphere. The F8T2/PC 70 BM blend film shows a definite D/A interface [17, 19] . The average size of the PC 70 BM domains is 230 nm in diameter.
Preparation of OPV and Characterization.
The F8T2/ PC 70 BM OPV was fabricated in the following configuration: ITO/PEDOT: PSS (40 nm)/active layer/LiF (1.2 nm)/Al (80 nm). The patterned ITO (conductivity: 10 Ω/square) glass was precleaned in an ultrasonic bath of acetone and ethanol and then treated in an ultraviolet-ozone chamber. A thin layer (40 nm) of PEDOT: PSS was spin-coated onto the ITO and dried at 110
• C for 10 min on a hot plate in air. The substrate was then transferred to an N 2 glove box and dried again at 110
• C for 10 min on a hot plate. An o-dichlorobenzene solution of F8T2:PC 70 BM (1 : 2 by weight) was subsequently spin-coated onto the PEDOT:PSS surface to form the active layer. The resultant substrates were then annealed at 80
• C for 10 min in an N 2 glove box. Finally, LiF (1.2 nm) and Al (80 nm) were deposited onto the active layer by conventional thermal evaporation at a chamber pressure lower than 5 × 10 −4 Pa, which provided the devices with an active area of 2 × 2 mm 2 . For comparison, we fabricated RR-P3HT/PCBM OPV in a similar procedure. An o-dichlorobenzene solution of RR-P3HT: PCBM (1 : 1 by weight) was subsequently spin-coated onto the PEDOT: PSS surface to form the active layer. The resultant substrates were then annealed at 110
• C for 10 min in an N 2 glove box. The current density-voltage (J-V) curves were measured using an ADCMT 6244 DC voltage current Source/ Monitor under AM 1.5 solar-simulated light irradiation of 100 mWcm −2 (Wacom Electric Co., Ltd.). The incident photon-to-current conversion efficiency (IPCE) was measured using a CEP-2000 system (Bunkoh-Keiki Co., Ltd.).
Time-Resolved Spectroscopy.
Ultrafast time-resolved spectroscopy was carried out in a pump-probe configuration at room temperature ( Figure 2 ). We employed a regenerative amplified Ti: sapphire laser with a pulse width of 100 fs and a repetition rate of 1000 Hz as the light source. The pump pulse wavelength was 400 nm, which was generated as second harmonics in a β-BaB 2 O 4 (BBO) crystal. The excitation intensity was 27-54 μJ/cm 2 . The frequency of the pump pulse was decreased by half (500 Hz) to provide "pumpon" and "pump-off " condition. A white probe pulse (450-1600 nm), generated by self-phase modulation in a sapphire plate, was focused on the sample with the pump pulse. Spot sizes of the pump and probe pulses were 2.5 and 1.3 mm in diameter, respectively. The transmitted probe spectra were detected using a 72 ch Si photodiode array (450-900 nm) and/or a 256 ch InGaAs photodiode array (800-1600 nm) attached to a 30 cm imaging spectrometer. The spectral data were accumulated for 10000 pulses to improve the signal/noise ratio. The differential absorption spectra (ΔOD) are expressed as ΔOD = −ln(I on /I off ), where I on and I off are the transmitted light intensity with and without pump excitation, respectively. 1.4 mW/cm 2 , which was modulated with an optical chopper. The white light from the Halogen and/or Xe lamp was monochromatized with a 30 cm imaging spectrometer. The monochromatic probe light was focused on the sample with the pump light. The transmitted probe light was detected using a Si and/or InGaAs photodiode. A lock-in detection was adopted to extract the modulation signal. The optical modulation spectroscopy can clarify the PIA due to the longlived D + . of 0.53, and a PCE of 2.28%. The OPV based on the RR-P3HT/PCBM blend film exhibits a J sc of 9.9 mAcm −2 , a V oc of 0.60 V, a, FF of 0.64, and a PCE of 3.8%. Figure 4 (b) shows wavelength dependence of the photovoltaic response for the OPVs based on the RR-P3HT/PCBM and F8T2/PCBM blend films. In all the wavelength region, the IPCE values for the F8T2/PCBM blend film are smaller than those for the RR-P3HT/PCBM blend film. The IPCE values at 400 nm are 54% and 30% for the RR-P3HT/PCBM and F8T2/PCBM blend films, respectively.
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Films. Figure 5 shows ΔOD spectra (lower panels) of (a) neat RR-P3HT film and (b) RR-P3HT/PCBM blend films, together with their linear absorption spectra (OD: upper panels). As seen in the OD spectra, the pump pulse (at 400 nm) efficiently excites the D polymer. In all the films, the ΔOD spectra consist of negative signals in the shortwavelength region and positive signals in the long-wavelength region. The negative signal is ascribed to the ground state bleach (GSB) as well as the stimulated emission (SE) of singlet exciton luminescence. On the other hand, the positive signal is ascribed to PIAs due to the photogenerated species, such as D * , CT, and D + . Generally speaking, the lifetime is a good physical quantity that distinguishes the PIAs due to different excited species: for example, lifetime of D * is much faster than that of D + . In order to decompose the time-resolved spectra into fast, slow and constant components, we analyzed the decay curve at respective probe photon energies with two exponential functions:
where C fast (τ fast ), C slow (τ slow ), and C const are the magnitude (lifetime) of the respective components [20] . Thus obtained parameters, C fast , τ fast , C slow , τ slow , and C const are plotted in Figure 6 against wavelength. Figure 6 (a) shows the spectral components of the neat P3HT film. In the C fast component, a negative peak around 550 nm is ascribed to the GSB and SE. On the other hand, a positive sharp signal at 650 nm and broad signal at ∼1300 nm are ascribed to the PIA due to D * . In the C slow component, the broad PIA due to D * is discernible at ∼1300 nm. No signal is observed in the C slow component. Figure 6 (b) shows the spectral components of the RR-P3HT/PCBM blend film. In the C fast component, the spectral profile is almost the same as the neat RR-P3HT film: negative signal due to GSB and SE at 500 nm and PIAs due to D * at 650 nm and ∼1300 nm. In the C slow component, the PIA due to D * completely disappears and new PIAs appears at 570 nm and ∼800 nm. In the C const component, broad PIA at ∼700 nm is observed. Jiang et al. [16] performed optical modulation spectroscopy in the neat RR-P3HT film and observed polaron signals at ∼670 nm and ∼1000 nm. They ascribed the former and latter signals to the free and localized carriers, respectively. According to their assignments, we ascribed the PIAs at ∼700 nm (C const ) and at ∼800 nm (C slow ) to the free and localized carriers, respectively. Based on the assignments of PIAs in the F8T2/PC 70 BM blend film, we ascribed the PIA at 570 nm (C slow ) to the CT state (vide infra). 70 BM Films. Figure 7 shows ΔOD spectra (lower panels) of (a) neat F8T2 film and (b) F8T2/PC 70 BM blend films, together with the OD spectra (upper panels). As seen in the OD spectra, the pump pulse (at 400 nm) efficiently excites the D polymer. In all the films, the ΔOD spectra consist of negative signals in the short-wavelength region and positive signals in the long-wavelength region. The negative signal is ascribed to GSB and/or SE. On the other hand, the positive signal is ascribed to PIAs due to the photo-generated species, such as D * , CT, and D + . We analyzed the decay curve at respective probe photon energies with two exponential functions (1) . Obtained parameters C fast , τ fast , C slow , τ slow , and C const are plotted in Figure 8 against wavelength. Figure 8(a) shows the spectral components of the neat F8T2 film. In the C fast component, a negative peak at 506 nm are ascribed to the GSB, whereas a negative peak at 553 nm and the broad background extending from 500 to 700 nm is ascribed to the SE. Actually, the luminescence spectra of the F8T2 film extend from 500 to 700 nm with a peak at 550 nm. [21] On the other hand, a positive sharp signal around 800 nm is ascribed to the PIA due to D * . Actually, the exciton lifetime (=2.7 ps) is comparable to the decay time (∼3 ps) of the SE signal. In the C slow component, a positive broad signal is observed at ∼700 nm. We ascribed the signal to the PIA due to D + , because a long-lived polaron signal was observed at ∼800 nm in the optical modulation spectrum of the F8T2/PC 70 BM blend film (see Figure  9 ). Figure 8(b) shows the spectral component of the F8T2/ PC 70 BM blend film. In the C fast component, the GSB signal is observed at 501 nm, whereas the SE signal (500-700 nm) is rather suppressed. The suppression of the SE signal is probably due to the doping-induced luminescence quenching [21] . The PIA due to D * is discernible at 800 nm. In the C slow component, the PIA due to D * completely disappears and new PIAs appears at 520 nm and ∼700 nm. The PIA at ∼700 nm is due to D + , because a long-lived carrier'signal was observed at ∼800 nm in the optical modulation spectrum of the F8T2/PC 70 BM blend film (see Figure 9 ). For the following reason, we ascribed the 520 nm signal to the PIA due to the CT state. We compared the C slow component in the 1 : 3 blend film (not shown) with that of the 1 : 2 film [19] . The average size of the PC 70 BM domains is 300 nm (230 nm) in diameter in the 1:3 (1 : 2) blend film: the interface region is much reduced in the 1 : 3 film. We found that the 520 nm signal is suppressed in the 1 : 3 film, suggesting that the 520 nm signal relates to the interface. In addition, Lim et al. [21] reported an extra 570 nm absorption in the F8T2 film, in which 8% 2,3,5,6-tetrafluoro-7, − , in our blend film is responsible for the PIA at 520 nm. In the C slow component, PIA due to the CT state disappears, and only the PIA due to D + is observed.
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Here, we note that the energy position and temporal behavior of the PIA at 570 nm in the RR-P3HT/PCBM blend film are analogues to the PIA at 570 nm in the F8T2/PC 70 BM blend film. This strongly suggests that the PIA at 570 nm in the F8T2/PC 70 BM blend film is also ascribed to the CT state. 70 BM Films. Figure 9 shows optical modulation spectra of (a) F8T2 and (b) F8T2/PC 70 BM blend films. No signal is observed in the neat F8T2 film. In the F8T2/PC 70 BM blend film, characteristic positive signal is observed at ∼800 nm due to the long-lived carriers. Consistently, Ravirajan et al. [22] re-ported positive polaron signal at 720 nm in the chemically oxidized F8T2. The finite rise time of the CT state suggests that the state is created by exciton conversion at the interface, rather than by direct photo-generation. On the other hand, the PIA due to D + exhibits a monotonic decrease with time, implying that D + is created mainly by direct photo-generation, not by conversion from the CT state. The number of D + gradually decreases and becomes 40% of the initial state at ∼1 ns. Note that the apparent constant component of 800 nm should be ascribed to the broad PIA due to D + .
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Discussions
Finally, let us comment on the plasmonic enhancement effect, which is a key technique to design the highly efficient OPV. For example, Poh et al. [23] clearly demonstrated that gold nanoparticles on the PEDOT-PSS enhance the PCE of the bilayer P3HT-C 60 device. They ascribed the enhancement to the enhanced absorption based on a finite-difference time-domain method (FDTD) simulation. We suspect that existence of the metal nanoparticle significantly influences the charge formation dynamics itself via the strong local field around the metal nanoparticles, especially when they locate near the D-A interface. We emphasize that the ultrafast spectroscopy is a powerful tool to clarify the plasmonic effects on the charge formation dynamics.
Summary
We investigated the charge dynamics of two prototypical blend films, that is, RR-P3HT/PCBM and F8T2/PC 70 BM Advances in Optical Technologies 
